Increasing evidence supports the critical roles played by adipose tissue in breast cancer progression. Yet, the mediators and mechanisms are poorly understood. Here, we show that breast cancer-associated adipose tissue from freshly isolated tumors promotes F-actin remodelling, cellular scattering, invasiveness and spheroid reorganization of cultured breast cancer cells. A combination of techniques including transcriptomics, proteomics and kinomics enabled us to identify paracrine secretion of oncostatin M (OSM) by cancer-associated adipose tissue. Specifically, OSM, expressed by CD45+ leucocytes in the stromal vascular fraction, induced phosphorylation of STAT3 (pSTAT3-)Y705 and S727 in breast cancer cells and transcription of several STAT3-dependent genes, including S100 family members S100A7, S100A8 and S100A9. Autocrine activation of STAT3 in MCF-7 cells ectopically expressing OSM induced cellular scattering and peritumoral neo-vascularization of orthotopic xenografts.
INTRODUCTION

MATERIALS AND METHODS
Cell Lines and Transfections
MCF-7, T47D, SKBR3 and MDA MB 231 cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA) (http://www.lgcstandards-atcc.org). Cells were maintained in Dulbecco's minimal essential medium (DMEM) supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 ȝg/mL streptomycin (Invitrogen, Carlsbad, CA) and 2.5 ȝg/mL fungizone (Bristol-Meyers Squibb, Brussels, Belgium). All cell lines have been validated in-house by short tandem repeat profiling using the Cell ID™ System (Promega, USA) according to the manufacturer's instructions. Upon receipt, cells were passaged and stored in liquid nitrogen.
Every six months, a new aliquot of cells was resuscitated and used for experimentation. Every month cell cultures were tested for Mycoplasma contamination by using MycoAlert Plus kit (Lonza, Verviers, Belgium).
MCF-7 cells secreting turbo green fluorescent protein (tGFP)-OSM fusion protein (MCF-7-
OSM) were generated by Fugene Transfection (Promega, Madison, WI). tGFP-OSM cDNA was purchased at Origene, Inc (Rockville, MD).
Antibodies and Reagents
Primary and secondary antibodies are described in Supplementary Materials and Methods.
Recombinant human (rh)OSM, (rh)IL-6, (rh)IL-8, (rh)LIF, (rh)G-CSF and their respective neutralizing monoclonal antibodies were from R&D systems (Minneapolis, MN). Tofacitinib citrate was purchased at Bio-Connect Diagnostics (Huissen, The Netherlands). A neutralizing (n)OSM antibody, Akt-inhibitor (GSK2142795) and MEK-inhibitor (GSK1120212 or Trametinib) were kindly provided by GlaxoSmithKline (Brentford, UK) (13). Figure S1 demonstrates the use of CM CAAT throughout the paper.
Functional assays
Experimental set-up for studying morphological changes induced by CAAT or CM CAAT are described in Supplementary Materials and Methods. Factor shape was calculated as (perimeter) 2 /(4 x ʌ x area) for quantification.
MCF-7, T47D and MDA MB 231 type I collagen gel invasion assays are performed and quantified as described in Supplementary Materials and Methods and (14) .
Matrigel invasion of MDA MB 231 and migration of MCF-7 and SKBR3 cells were performed using xCELLigence RTCA DP instrument (ACEA biosciences, San Diego, CA) (15) .
Protein Analysis
Samples for western blot were prepared, runned and immunostained as described in (16 
Microarray Analysis
Total RNA was isolated using the Nucleospin RNA II kit (Macherey-Nagel, Düren, Germany) including DNAse I treatment. Quality control was performed using Agilent 2100 Bioanalyser (Agilent Technologies). Total RNA (0.5 ȝg) was processed and analysed on Human GE Agilent 4x44K microarrays. Four biological samples were studied. Data can be found on GEO (GEO accession number GSE58574).
Quantitative Real-Time PCR (RT-qPCR)
RNA was isolated using RNeasy Plus Universal Kit (Qiagen, Venlo, The Netherlands) including DNAse I treatment. cDNA synthesis and SYBR Green I RT-qPCR were carried out as described in (17) . Prime PCR assays for S100A7, S100A12, OSM, NTN4, LRG1, LIFR, GP130 were purchased at Bio-Rad. Other primer sequences are described in Supplementary Table S2 . RNA quality index (RQI >8) was assessed using Experion software (version 3.2, Bio-Rad).
Mass Spectrometry
CM
CAAT samples were run on NuPAGE 4%-20% Bis-Tris gradient gels (Invitrogen) in denaturating SDS buffer, stained with 0.5% Coomassie Brilliant Blue (Bio-Rad) in 40% methanol and 10% acetic acid for 20 minutes, and destained. Gel bands were processed and analyzed by liquid chromatography-mass spectrometry/mass spectrometry as described in Supplementary Materials and Methods and (16).
Animal Studies
Animal studies were approved by the Local Ethics Committee of Ghent University Hospital (ECD 09/32). Immunodeficient mice were orthotopically injected with 1x10 6 cancer cells. After 4 9 weeks, the mice were sacrificed and tumors were resected for immunohistochemistry. Details can be found in Supplementary Materials and Methods.
Patient Samples and IHC
Clinical data and paraffin embedded primary breast carcinoma samples were collected at Ghent University Hospital (Supplementary Table S3 ). Written informed consent was obtained according to the recommendations of the local ethics committee. To evaluate nuclear pSTAT3-Y705, we considered an intensity score that was semi-quantitative scaled as score 0, weak or absent nuclear staining; score 1, between 5 and 30% nuclear staining; score 2, more than 30% nuclear staining.
Three observers quantified independently.
Statistics
Statistical analyses were performed using IBM SPSS Statistics 21.0 software (Chicago, IL). Figure S2) . CM CAAT stimulated invasion of MCF-7 into type I collagen after 24h (control vs. CM CAAT ; 9.750%, ± 2.790 vs. 46.750%, ± 2.408; P = .001, Figure 1D ) and increased migration of MCF-7 with a 14-fold slope increment (P = .021, Figure 1E ). . Moreover, only rhOSM up-regulated S100A7 protein levels ( Figure 3A ). rhIL-6, rhIL-8 and rhLIF had no effect on morphology and addition of their neutralizing antibodies to CM CAAT did not counter CM CAAT induced morphological changes (Supplementary Figure S3) . Only neutralizing (n)IL-6 antibody partially inhibited CM CAAT induced phosphorylation of STAT3 Y705 but had no effect on S727 phosphorylation (Supplementary Figure S3 ). rhLeptin was not tested since it lacked the capacity to induce cellular scattering (21) .
Mass spectrometry of CM CAAT revealed 10 unique OSM peptides at the expected 25-30 kDa MW with 55% sequence coverage ( Figure 3B ). Western Blot identified OSM protein in CM CAAT from 3 patients. ELISA of CM CAAT from 16 patients revealed an OSM concentration between 3.7 and 15.7 pg/ml ( Figure 3C ). There was no correlation between the OSM concentration in CM CAAT and BMI of these patients (P = .948, Spearman's Rho = -0.115).
To determine the source of OSM production, tumor associated adipose tissue from 10 breast cancer patients was separated into tumor associated adipocytes (TAA) and the stromal vascular fraction (SVF). RT-qPCR revealed a 20-fold increased expression of OSM mRNA in the stromal vascular fraction compared to adipocytes (P < .001). OSM mRNA levels in TAA and SVF were not correlated with the BMI of the patients (OSM in TAA, P = .650, Spearman's Rho = 0.164; OSM in SVF, P = .235, Spearman's Rho = 0.413). OSM protein was found in the CD45+ leucocyte fraction and not in the CD31+ endothelial fraction or 'Rest' fraction containing CD34+/CD31-adipocyte progenitor cells ( Figure 3D ) (22) .
Macrophages are CD45+ and an increased presence of tumor-associated macrophages has been associated with poor prognosis in human breast cancer. CD163 staining revealed an accumulation of tumor-associated macrophages in the adipose tissue at sites of cancer cells with high nuclear pSTAT3-Y705 infiltrating the adipose tissue ( Figure 3E ).
OSM engages heterodimeric receptors involving gp130 and either the OSM receptor (OSMR) or the leukemia inhibitory factor receptor (LIFR). Gp130/OSMR complex is specifically activated by OSM and is implicated in morphological changes (23) . RT-qPCR revealed the relative expression of OSMR in MCF-7, T47D and MDA MB 231 while SKBR3 show a 60.000-fold lower OSMR expression ( Figure 3F ). rhOSM treatment of these cell lines induces morphological changes in all except SKBR3 ( Figure 3G ). Moreover, migration of MCF-7 and not SKBR3 is dose-dependently stimulated by rhOSM with a 5-fold (100 pg/ml, P = .071) and 9.9-fold (1 ng/ml, P = .001) slope increment in MCF-7 compared to 1.4-fold (100 pg/ml, P = .941) and 1.6-fold (1 ng/ml, P = .422) slope increment in SKBR3 ( Figure 3H ). rhOSM treatment of MCF-7 leads to an increase of OSMR (2.7-fold) and STAT3 (2.2-fold) expression (P = .029 for both genes), suggesting positive feedback. The OSMR and STAT3 mRNA response is not observed in SKBR3. In both cell lines, LIFR and gp130 mRNA levels are not affected by rhOSM (Supplementary Figure S4) . 
Functional role of OSM and STAT3 signaling in CAAT-mediated morphological changes
To quantify CM CAAT potency on STAT3 phosphorylation, MCF-7 cells were treated with rhOSM. pSTAT3-Y705 was significant at 0.01ng/ml rhOSM, with a STAT3 phosphorylation capacity of CM CAAT equivalent to +/-0.5ng/ml rhOSM ( Figure 4A ). rhOSM induced a gene signature (Con vs. rhOSM, P = .029 for all reported genes except IGFBP5 with P = .200, Figure   4B ) and morphological changes ( Figure 3G Figure S6) . OSM in the secretome coincided with constitutive pSTAT3-Y705 and increased expression of S100A7
( Figure 5A ). Tofacitinib reduced pSTAT3-Y705 and S100A7 expression ( Figure 5A ). 
Histology revealed MCF-7-GFP cells organized into clusters with a compact pattern separated by Matrigel, whereas MCF-7-OSM xenografts displayed disorganized strands and single cells 
Nuclear expression of pSTAT3-Y705 in invasive ductal breast cancer
We studied the expression of nuclear pSTAT3-Y705 by immunohistochemistry in 50 ER-positive IDCA patients with histologically confirmed adipose tissue infiltration. Nuclear pSTAT3-Y705 staining was present at sites of adipose tissue infiltration in 18% of the samples (9/50).
Interestingly, pSTAT3-Y705 positive samples showed a statistically significant association with lymphovascular invasion (LVI) (P = .0032, Figure 6 ). LVI is a poor prognostic factor in patients with lymph node-negative IDCA (26). 
DISCUSSION
Adipose tissue is an endocrine organ producing effectors with local and systemic actions. Tumor infiltration into the adjacent fat is a risk factor for breast cancer progression (27) . We investigated the impact of CAAT in breast cancer infiltration and progression. OSM is a CAAT-secreted factor activating STAT3 and inducing pro-inflammatory genes, cellular scattering and peritumoral angiogenesis (Figure 7 ). OSM and CM CAAT increase expression of S100 proteins. A rescue experiment showed a relative higher S100A7 protein level compared to S100A8/9 after rescue procedure. All studied S100
proteins have an intracellular and secreted pool, are associated with the actin cytoskeleton and contribute to increased scattering and migration. S100A8/9 proteins are uniquely reported as promigratory. However, S100A7 has a described pro-and anti-migratory function. This effect might be concentration dependent. Higher levels of S100A7 may stimulate migration; slightly lower levels support the inhibition of lamellipodia formation and restore the non-migratory state (31 (38) . We discovered the stimulatory role of OSM on the expression of NTN4 and LRG1 genes encoding the pro-angiogenic factors netrin-4 and LRG1. OSM stimulates expression and secretion of S100 proteins which promote angiogenesis by stimulating endothelial cell proliferation (31) . Whether in the xenograft model, the increased presence of blood vessels is caused directly by OSM or indirectly by OSM-induced NTN4, LRG1, S100 proteins or a combination of them, is not known.
OSM mRNA is high in the SVF and immune-isolation of CD45+ leucocytes revealed the presence of OSM protein compared to the endothelial and pre-adipocyte/fibroblast fraction. A study using subcutaneous adipose tissue supports our findings showing that mature adipocytes are not the main source of OSM but derives from cells in SVF including macrophages (39) .
CAAT is infiltrated by CD163+ macrophages and accumulate at sites of high pSTAT3-Y705 in cancer cells. CD163-positive macrophages are defined as tumor-associated macrophages correlated with poor prognosis in breast cancer (40) potentially by contribution of proinflammatory cytokines stimulating invasion (9) . Mature adipocytes express the OSMR and OSM provided by infiltrated macrophages may contribute to dedifferentiation of mature adipocytes (41) .
The underlying mechanisms linking obesity to breast cancer risk and progression are not yet fully understood. Obesity is involved in STAT3 activation by at least two mechanisms. First, high plasma levels of leptin, correlated with obesity, are mainly implicated in breast tumorigenesis and growth (42) . Second, obesity is associated with a chronic state of low-grade inflammation, attracting macrophages and lymphocytes producing STAT3-activating cytokines (43, 44 
patients showed similar STAT3 activation, regardless of their BMI (5 normal, 3 overweight, 1 obese). Second, CM CAAT from 25 patients with a BMI ranging from 19.1 to 41 (2 underweight, 10 normal, 9 overweight, 4 obese) induced cellular scattering. Third, from the 9 IDCA samples with high pSTAT3-Y705 staining only one was an obese patient (6 normal, 2 overweight, 1 obese). Fourth, OSM mRNA levels in SVF from 10 breast cancer patients were not correlated with BMI. Fifth, we found no correlation between OSM-concentration in CM CAAT from 16 patients and their respective BMI. Admittedly, the number of patient samples in our study is low.
Therefore, further studies using large series of breast CAAT samples from age-matched patients, including more detailed fat deposit information and metabolic biomarkers will yield more Our data are endorsed by recent findings underlining the link between pSTAT3 at the invasion front and tumor progression (48) . Secondly, primary breast tumors displaying tyrosine phosphorylation of STAT3 and STAT5 are more differentiated and display more favourable prognostic characteristics than those with selective STAT3 activation. Indeed, both STAT's mediate opposing effects on several key target genes, with STAT5 exerting a dominant role (49) .
In accordance, we observed a 2. 
